Abstract: Water imbalance condition (WIC) in a maize-soybean relay intercropping system is the main abiotic stress limiting biomass production and seed yield and, consequently, seed-quality. This experiment was started to study the effects of WIC on soybean, in which two soybean genotypes ND12 and C103 were grown in pots with roots split equally between two soil column and six WIC treatments (%) T1 (100), T2, (100:50), T3 (100:20), T4 (50:50), T5 (50:20), and T6 (20:20) field capacity on both sides of soybean roots were used. Results showed that both genotypes responded significantly to WIC treatments for all the parameters; however, the level of response differed between genotypes. Maximum osmoprotectants (except proline), biomass, yield and yield-related traits and superior seed quality were observed with ND12. Among WIC treatments, T2 and T3 produced 94% and 85%, and 93% and 81% of T1 biomass and yield, respectively. Similarly, treatments T2 and T3 also improved the oil quality by maintaining the content of unsaturated fatty acids and isoflavone content, while opposite trends were observed for protein content. Overall, moderate water reduction (T2 and T3) can improve soybean seed-quality and by selecting drought-resistant genotypes we can increase the soybean yield under intercropping systems.
Introduction
Soybean is a highly consumable oilseed and protein crop that is mainly intercropped with maize in the south-west of China [1] . The maize-soybean strip intercropping system has minimum soil water losses with high water productivity [2] . Similarly, these strip intercropping systems have the potential to resolve food crises in developing countries. However, maize plants in maize-soybean strip intercropping conditions change the field microenvironment of soybean (especially light and water conditions) which negatively affects the plant growth and development of soybean under this system [3, 4] . Previously, scientists have observed uneven water utilization and distribution ( Figure 1 ) between maize and soybean rows in maize-soybean intercropping systems [3] . Specifically, soil volumetric water content and soil evaporation in the maize-soybean relay intercropping system showed the decreasing trends in the following order: maize row < maize-to-soybean row < soybean Environmental factors such as drought significantly affected the seed yield and seed metabolites which in turn decrease the yield and quality of soybean plants [6] . In past reports, researchers have confirmed the reductions in secondary metabolites of soybeans under water deficit conditions. Recently, a study revealed that mild water stress prior to the flowering stage accelerated the accumulation of isoflavone content, but water deficit conditions imposed at the R6 stage of soybean considerably reduced the total isoflavone content [7] . In another study, it was found that prolonged drought conditions during the seed development stages significantly decreased isoflavone content in seeds [8] . Moreover, Lozovaya et al. concluded that optimum soil moisture availability at the start of seed formation favors seed formation while slight water reduction at R6 improved seed quality by increasing daidzein, genistein and total isoflavones (except glycitein) [9] .
In addition, the composition of fatty acids in soybean is also influenced by irrigation regimes and cultivar differences. An experiment conducted by Bellaloui et al., investigated the effects of environment and genetics on soybean fatty acids. They reported that water stress altered the seed oil composition by increasing oleic acid and decreasing linoleic and linolenic acid concentrations [10] . However, the decrease or increase depends on drought severity [11] . Lee et al. conducted a field experiment to investigate the irrigation effects on elevated oleic acid and reduced linolenic acid cultivars. They did not find significant effects of irrigation on the unsaturated fatty acid concentration of soybean. They further noted the increment of oleic acid and decrease of linolenic acid with high Environmental factors such as drought significantly affected the seed yield and seed metabolites which in turn decrease the yield and quality of soybean plants [6] . In past reports, researchers have confirmed the reductions in secondary metabolites of soybeans under water deficit conditions. Recently, a study revealed that mild water stress prior to the flowering stage accelerated the accumulation of isoflavone content, but water deficit conditions imposed at the R6 stage of soybean considerably reduced the total isoflavone content [7] . In another study, it was found that prolonged drought conditions during the seed development stages significantly decreased isoflavone content in seeds [8] . Moreover, Lozovaya et al. concluded that optimum soil moisture availability at the start of seed formation favors seed formation while slight water reduction at R6 improved seed quality by increasing daidzein, genistein and total isoflavones (except glycitein) [9] .
In addition, the composition of fatty acids in soybean is also influenced by irrigation regimes and cultivar differences. An experiment conducted by Bellaloui et al., investigated the effects of environment and genetics on soybean fatty acids. They reported that water stress altered the seed oil composition by increasing oleic acid and decreasing linoleic and linolenic acid concentrations [10] . However, the decrease or increase depends on drought severity [11] . Lee et al. conducted a field experiment to investigate the irrigation effects on elevated oleic acid and reduced linolenic acid cultivars. They did not find significant effects of irrigation on the unsaturated fatty acid concentration of soybean. They further noted the increment of oleic acid and decrease of linolenic acid with high oleic acid and low linolenic acid cultivars, which suggests the importance of adequate irrigation to maintain optimum level of fatty acid [12] .
Physio-morphological responses of soybean plant under water deficit conditions have also been considered. A number of studies have shown the significant reduction in stomatal conduction, photosynthetic rate, number of nodes, number of seeds and eventually seed yield (24~50%) under water deficit conditions [13] [14] [15] . Therefore, great emphasis is placed on crop management with an aim to make plants more efficient in water use and enhance yield under drought conditions. However, the comprehensive understanding of physiology, morphology, biosynthesis of primary and secondary metabolites, and accumulation is still unclear because they are highly influenced by environmental factors under changing conditions especially intercropping systems.
Earlier studies revealed the relation of chemical constituents and yield under water deficit conditions produced naturally or artificially in the agricultural field. Therefore, the aims of this study were to (1) investigate the effects of water imbalance condition on biomass accumulation, yield and yield components; and (2) assess the impact of water imbalance condition on the seed quality parameters of soybean.
Materials and Methods

Plant Material and Experimental Design
Two soybean genotypes Nandou-12 (ND12, drought resistant) and C-103 (C103, drought susceptible) were grown from seeds under laboratory conditions at Sichuan Agricultural University, Chengdu campus, China. These soybean genotypes were screened out on the basis of our pre-experiment. The experiment was designed as a randomized complete block with six treatments and three biological replicates.
Growth Conditions and Treatments
Seeds were first sterilized with 0.5% sodium hypochlorite solution for 15 min, and then germinated in the dark for five days in compost trays. Seedlings were cultured hydroponically in basins containing half strength Hoagland nutrient solution in a growth chamber characterized by a 12 h dark/12 h light photoperiod, 28 • C day and 25 • C night temperature and approximately 60% relative humidity. Plants were allowed to grow well under normal conditions. One month after the seed germination, healthy soybean plants were selected that were uniform in height. One plant per pot was planted in soil boxes with separate chambers. The root of each plant was equally divided into two parts in the soil boxes (V4 stage) (Figure 1 ). The pots were covered with aluminum foil, in order to preserve moisture. Normal irrigation was then applied to plants until the onset of the R4 stage.
At the R4 stage, the combinations of six different treatments were imposed: 100% of the field capacity on both sides of roots (T1 = 100%A:100%B) in which both sides of the root system of each plant contained soil moisture of about 30%; 100%:50% field capacity on both sides of the root (T2 = 100%A:50%B) in which both sides of the root system of each plant contained soil moisture of about 30% and 20% respectively; 100%:20% field capacity on both sides of the root (T3 = 100%A:20%B) in which both sides of the root system of each plant contained soil moisture of about 30% and 10% respectively; 50%:50% field capacity on both sides of root (T4 = 50%A:50%B) in which both sides of the root system of each plant contained soil moisture of about 20%; 50%:20% field capacity on both sides of the root (T5 = 50%A:20%B) in which both sides of the root system of each plant contained soil moisture of about 20% and 10% respectively; and 20% field capacity on both sides of root (T6 = 20%A:20%B) in which both sides of the root system of each plant contained soil moisture of about 9% to 10%.
The experimental period duration was 32 days. Plants were harvested at maturity and seeds were air-dried for further chemical analysis.
Measurement of Agronomic Characters
Soil moisture (in volumetric water content, VWC) was measured every three to five days with the help of TRIME-PICO (IMKO, Ettlingen, Germany). Each pot was considered for reading at the same time of day. The morphological traits such as plant heights (cm), stem diameter (mm), number of node per plant, number of branches per plant, and pod length (cm) were measured at harvest by sampling each plant. The first internode was used to measure stem diameter using a vernier caliper. Plant height and pod length were measure with the help of a scale. Number of nodes per plant and number of branches per plant were counted at harvest. The soybean yield (g) and yield-related components such as 100 seed weight (g), number of grains per plant, number of pods per plant and number of interfile pods per plant were measured at harvest on each plant per treatment. Soybean seeds were harvested by hand at maturity stage and air-dried. Yield and 100 seed weight of each plant were noted individually using an electrical balance. All harvested plants were used to measure total biomass accumulation (g) and partitioning at maturity. Leave, stem, pod and seed were separated from each plant and constant weight was recorded using an electrical balance.
Quantification of Osmoprotectants in Soybean Leaves
Proline
A previously published method was followed to measure free proline from soybean leaves [16] . Leaves were collected at R5 stage and immediately stored at −80 • C. Freeze dried leaf samples (0.20 g) were extracted with 5 mL 3% sulfosalicylic acid. Supernant (2 mL) was reacted with 2.0 mL glacial acid and 3 mL acid ninhydrin, and heated in boiling water for 40 min. Samples were then mixed with 5 mL toluene to extract, and vortex. Supernant was taken to read absorbance at 520 nm using spectrophotometer (Mapada-V-1100D).
Sucrose and Soluble Polysaccharide
Leaves were collected at the R5 stage and immediately stored at −80 • C. Leaves were freeze dried to make fine powder. Leaves (0.1 g) were mixed with 10 mL of 80% ethanol. Samples were incubated at 80 • C for 30 min and then centrifuged at 3000 rpm for 15 min. The extraction was carried out twice more as mentioned above.
To measure sucrose, 0.9 mL extracted solution was taken in 20 mL test tubes and 0.1 mL of 2 mol/L NaOH was added and heated for 10 min. Samples were cooled down at room temperature for 15 min. 1.0 mL 0.1% resorcinol and 3.0 mL 10 mol/L HCL were added in the test tubes. Samples were incubated at 80 • C in a water bath for 30 min. Supernant was taken to read absorbance at 500 nm using a spectrophotometer (Mapada-V-1100D).
To measure soluble polysaccharide, 1.0 mL extracted solution was taken in 20 mL test tubes and 4 mL of 0.2% sulfate anthrone reagent was added and heated for 15 min. Samples were cooled down at room temperature for 15 min. Supernant was taken to read absorbance at 620 nm using a spectrophotometer (Mapada-V-1100D). A standard curve was used to estimate the concentrations by following the previously described method [17] .
Starch
To measure starch, 0.1 g of leaves was homogenized with 2.0 mL of 9.2 mol/L HClO 4 . After 10 min, 6.0 mL water was added and centrifuged at 3000 rpm for 20 min. Supernatants were collected and residues were reacted again with 2.0 mL of 4.6 mol/L HClO 4 . Then, 6.0 mL water was added and centrifuged at 3000 rpm for 20 min. Supernatants were taken and combined. 1.0 mL extracted solution was taken in 20 mL test tubes and 4.0 mL of 0.2% sulfate anthrone reagent was added and heated for 15 min. Samples were cooled down to room temperature for 15 min. Supernant was taken to read absorbance at 620 nm using spectrophotometer (Mapada-V-1100D). A standard curve was used to estimate total water soluble sugar concentration by following the previously described method [17] .
Quantification of Qualities in Soybean Seeds
Protein
Soybean seeds were air dried and ground into fine power. Approximately 0.25 g was taken to measure total protein content using the automated instrument Dumas (Elementar, Rapid N Exceed, Langenselbold, Germany).
Isoflavones
Harvested soybean seeds were ground into fine powder for isoflavone extraction. Samples were dried in a vacuum oven at 40 • C for 24 h and cool down at room temperature. Isoflavone extraction was done by previously published protocol with small modification [18] . Approximately 25.0 mg of each replicate was mixed with 2.5 mL MeOH/H 2 O (80/20 v/v) solution and subjected to ultrasonic extraction (40 kHz) for 3 h with an ice water-bath. Samples were centrifuged at 10,000 g for 10 min and supernatant was filtered using a syringe filter (0.22 µm). Samples were subjected to an Agilent 1260-series high-performance liquid chromatography (HPLC) system equipped with a mass spectrometric detector (Quadrupole LC/MS 6120, Agilent, USA) to quantified isoflavones by external standardization.
The chromatographic conditions were as follows: mobile phase was comprised with solvent A (acetonitrile) and solvent B (0.1% acetic acid aqueous solution). A sample was injected to waters X select HSS T3 (2.1 mm × 100 mm, 2. Twelve standard isoflavones were purchased from Wako Pure Chemical Industries Co., Ltd. (Osaka, Japan). HPLC-grade acetonitrile was obtained from Thermo Fisher Scientific Inc. (Waltham, MA, USA). Ultrapure water was used to prepare all aqueous solutions with the help of Milli-Q system (18.2 MX; Millipore, Bedford, MA, USA). Samples retention time was compared to identified isoflavones and mass spectra to those of standard compounds.
Fatty Acids
Air-dried soybean seeds were ground into fine powder and stored at −80 • C until fatty acid analysis. Three experimental replicates were produced for each biological replicate. Standard mixtures of 37 fatty acid methyl esters which include common fatty acids such as palmitic acid (PA), stearic acid (SA), linoleic acid (LA), oleic acid (OA) and α-linolenic acid (ALA) were purchased from Nu-chek-prep, Inc. (USA). The previously published method was used to extract soybean fatty acids [19] . The ground soybean samples (50.0 mg) were ultrasonic extracted (40 kHz) for 1 h by adding 1.5 mL n-hexane. Then samples were centrifuged at 10,000 g, and 4 • C for 5 min. A solution of 1.0 mL was transferred to another centrifuge tube and 0.8 mL methanolic potassium hydroxide solution (0.4 M) was mixed and subjected to a vortex. Samples were kept at room temperature for 1 h after 30 min ultrasonic. Samples were again centrifuged at 10,000 g, and 4 • C for 5 min. Supernatants were transferred to volumetric flask (5.0 mL) through a syringe filter (0.45 µm), and directly injected into the gas chromatography mass spectrometry system (GC-MS).
Shimadzu GCMS-QP2010 technology, equipped with an auto sampler was used for fatty acids metabolite profiling. A sample of 1.0 µL was applied to capillary column (Rtx-5Ms, 30 m × 0.25 mm × 0.25 µm) and chromatographic conditions were used as follows; initial, final and injection temperature was set at 130 • C, 230 • C and 270 • C, respectively. The oven temperature was first increased from 130 to 170 • C at the heating rate of 6.5 • C min −1 , and was maintained for 6 min. Then, the temperature was increased to 215 • C at a rate of 3 • C min −1 and maintained for 13 min. Again, the temperature was increased to 230 • C at a rate of 3 • C min −1 , and maintained for a further 10 min. The flow rate of helium gas was 1 mL min −1 which was used as carrier gas. The ionization potential of the mass-selective detector was 70 eV, and the mass spectrometry was operated at a 270 • C. The splitting ratio was 30:1, the selected ion monitoring (SIM) mode was m/z 55, 67, 74, and 79, and the full-scan mode was from m/z 50 to 400. The samples were identified by comparing the retention times and mass spectra of with 37-component fatty acid methyl esters standard mixtures. The standard curve method was used as a quantitative approach to construct the calibration plots of the analytic standard peak-area ratios versus standard concentrations.
Statistical Analyses
Data analyses were performed using the Statistics software (version, 8.1. Statistix, Tallahassee, FL, USA). An analysis of variance (ANOVA) technique was used to verify the overall significance of the data. The least significance difference (LSD) test was employed to compare the means at 5% probability level. Microsoft office 2010 was used to draw figures using standard error (±SE).
Results
Water Consumption and Soil Water Contents
The amount of water applied to all irrigation treatments was calculated and compared. The maximum and minimum amount of water was applied in treatments T1 and T6, respectively. In fact the crop production under T1 and T2 was fairly comparable with both soybean genotypes. However, less water was applied in treatment T2. Water was applied when soil water contents reached between 10% and 15% of volume. Limited water levels decreased the soil moisture content of both soybean genotypes as shown in Figure 2 . After two hours of water application, soil water contents showed significantly higher values (About 30%) in sides with 100% field capacity. Less water application had an effect on the soil water contents of sides with 50% field capacity, and about 15% to 24% of soil water contents were observed. However, soil water contents were maintained between 10% and 14% in other sides with 20% field capacity ( Figure 3 ). increased from 130 to 170 °C at the heating rate of 6.5 °C min −1 , and was maintained for 6 min. Then, the temperature was increased to 215 °C at a rate of 3 °C min −1 and maintained for 13 min. Again, the temperature was increased to 230 °C at a rate of 3 °C min −1 , and maintained for a further 10 min. The flow rate of helium gas was 1 mL min −1 which was used as carrier gas. The ionization potential of the mass-selective detector was 70 eV, and the mass spectrometry was operated at a 270 °C. The splitting ratio was 30:1, the selected ion monitoring (SIM) mode was m/z 55, 67, 74, and 79, and the full-scan mode was from m/z 50 to 400. The samples were identified by comparing the retention times and mass spectra of with 37-component fatty acid methyl esters standard mixtures. The standard curve method was used as a quantitative approach to construct the calibration plots of the analytic standard peak-area ratios versus standard concentrations.
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Effect of Different Split-Root Water Imbalance Treatments on Morphological Characters of Soybean Genotypes
In our present experiment, the morphological parameters; plant height, stem diameter, number of node per plant, number of branch per plant, and pod length were significantly (p < 0.05) affected by soybean genotypes and different split root-zone irrigation treatments. Differences among soybean genotypes in plant height, stem diameter, number of node per plant and number of branch per plant, at maturity, were driven by the drought-susceptible genotype C103, which had maximum (86.11 cm), (6.39 mm), (16.66 ) and (7.22) , respectively, in comparison to the drought-resistant genotype ND12 ( Table 1 ). The highest pod length (4.59 cm) was noted in ND12, whereas minimum pod length (3.96 cm) was recorded for C103. Different split root-zone irrigation treatments significantly changed the morphological parameters of the soybean genotypes. The maximum plant height (72.50 cm), stem diameter (6.35 mm), number of node per plant (15.83), number of branch per plant (6.83), and pod length (4.45 cm) were observed under treatment T1, while minimum plant height, stem diameter, number of node per plant, number of branch per plant, and pod length were measured under T6 treatment (T6 = 0%A:0%B) in which both sides of the root system of each plant were contained soil moisture about 9% to 10% (Table 1) . Interactive effects of different split root-zone irrigation treatments and soybean genotypes for all the morphological parameters were found to significant. 
In our present experiment, the morphological parameters; plant height, stem diameter, number of node per plant, number of branch per plant, and pod length were significantly (p < 0.05) affected by soybean genotypes and different split root-zone irrigation treatments. Differences among soybean genotypes in plant height, stem diameter, number of node per plant and number of branch per plant, at maturity, were driven by the drought-susceptible genotype C103, which had maximum (86.11 cm), (6.39 mm), (16.66 ) and (7.22) , respectively, in comparison to the drought-resistant genotype ND12 ( Table 1 ). The highest pod length (4.59 cm) was noted in ND12, whereas minimum pod length (3.96 cm) was recorded for C103. Different split root-zone irrigation treatments significantly changed the morphological parameters of the soybean genotypes. The maximum plant height (72.50 cm), stem diameter (6.35 mm), number of node per plant (15.83), number of branch per plant (6.83), and pod length (4.45 cm) were observed under treatment T 1 , while minimum plant height, stem diameter, number of node per plant, number of branch per plant, and pod length were measured under T6 treatment (T6 = 0%A:0%B) in which both sides of the root system of each plant were contained soil moisture about 9% to 10% (Table 1) . Interactive effects of different split root-zone irrigation treatments and soybean genotypes for all the morphological parameters were found to significant. 
Effect of Different Split-Root Water Imbalance Treatments on Yield and Yield Components of Soybean Genotypes
In this study, the different split root-zone irrigation treatments and soybean genotypes showed considerable effects on yield and yield components; 100-seed weight (SW), number of grains per plant (NGP), number of pods per plant (NPP), number of infertile pods per plant (NIPP), and seed yield per plant (SYP). Among all the split root-zone irrigation treatments, full field capacity (T1) had produced the highest SYP (21. (Table 2) . Furthermore, the highest NGP (129.78), NPP (60.67), and NIPP (4.44), and SW (19.57 g) and SYP (16.88 g) were obtained for soybean genotypes C103 and ND12, respectively. The interactive effect of different split root-zone irrigation treatments and soybean genotypes for yield and yield-related parameters were found to be significant (Table 2) . 
Effect of Different Split-Root Water Imbalance Treatments on Biomass Accumulation and Distribution of Soybean Genotypes
In the present study, the different split root-zone irrigation treatments and soybean genotypes showed considerable effects on total biomass accumulation (TB). The maximum (44.57 g·p −1 ) and minimum (43.99 g·p −1 ) total biomass accumulation was recorded with the drought-susceptible genotype (C103) and the drought-resistant genotype (ND12) at maturity, respectively (Table 2) . Different split root-zone irrigation treatments significantly changed the TB accumulation of soybean genotypes. The maximum TB (54.18 g) was observed under treatment T1, while the minimum TB (34.59 g) was measured under treatment T6. Interactive effects of different split root-zone irrigation treatments and soybean genotypes for TB accumulation were found to be significant.
The split-root water imbalance treatments changed the pattern of biomass partitioning among different plant organs of soybean genotypes (Figure 4) . At maturity of the soybean, the maximum allocation of biomass was observed in seeds followed by stems, leaves, and pods. The biomass partitioning in reproductive parts (pod + seed) was decreased from T1 to T6, and the highest biomass accumulation in the pod (5.26 g·p −1 ) and seed (21.84 g·p −1 ) were found in the genotype Nandou-12 and C-103 under T1, respectively. The lowest biomass partitioning to the pod (2.85 g·p −1 ) and seed (9.65 g·p −1 ) was noticed in T6 treatment with C-103. In addition, treatment T1 followed by T2 substantially increased the allocation of biomass into reproductive parts compared with other treatments (Figure 4 ; Nandou-12 and C-103). On average, at maturity, pod and seed biomass decreased by 33% and 56% in C-103, and 32% and 42 % in Nandou-12 under T6 in comparison with T1. partitioning in reproductive parts (pod + seed) was decreased from T1 to T6, and the highest biomass accumulation in the pod (5.26 g·p −1 ) and seed (21.84 g·p −1 ) were found in the genotype Nandou-12 and C-103 under T1, respectively. The lowest biomass partitioning to the pod (2.85 g·p −1 ) and seed (9.65 g·p −1 ) was noticed in T6 treatment with C-103. In addition, treatment T1 followed by T2 substantially increased the allocation of biomass into reproductive parts compared with other treatments (Figure 4 ; Nandou-12 and C-103). On average, at maturity, pod and seed biomass decreased by 33% and 56% in C-103, and 32% and 42 % in Nandou-12 under T6 in comparison with T1.
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Effect of Different Split-Root Water Imbalance Treatments on Osmoprotectant of Soybean Leaves
The effect of different split root-zone irrigation treatments and soybean genotypes on starch, sucrose, soluble polysaccharide, and proline contents are shown in Figure 5 . In our experiment, the mean table for proline contents exhibited the maximum proline contents measured for genotype ND12 (1657.9 μg·g −1 ), while minimum (1248.6 μg·g −1 ) proline contents were determined with C103. Different split root-zone irrigation treatments significantly affected the proline contents of soybean genotypes. The proline contents increased as the water stress increased from T1 to T6. The highest and lowest proline contents were 2459.3 μg·g −1 and 866.4 μg·g −1 in T6 and T1, respectively. Meanwhile, the opposite trend was noticed for starch, sucrose and soluble polysaccharide contents from T1 to T6. The maximum starch (0.1584 mg·g −1 ), sucrose (0.0132 mg·g −1 ) and soluble polysaccharide contents (0.0395 mg·g −1 ) were measured in T1 and the minimum starch (0.1014 mg•g −1 ), sucrose (0.0072 mg·g −1 ) and soluble polysaccharide contents (0.0331 mg·g −1 ) were noted under T6 treatment. Among soybean genotypes, the highest concentration of starch (0.0.1395 mg·g −1 ) and sucrose (0.0118 mg·g −1 ) were noted for ND12, whereas the highest concentration of soluble polysaccharide contents (0.0372 mg·g −1 ) was observed in genotype C103. The interactive effect of different split root-zone irrigation treatments and soybean genotypes for proline contents and total soluble sugar contents were found to be significant ( Figure 5 ). 
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Effect of Different Split-Root Water Imbalance Treatments on Seed Protein Contents of Soybean Genotypes
The determination of seed protein content in soybean seeds is the important component to obtain a higher market value of a soybean crop. In the present study, seed protein contents of soybean genotypes significantly changed with different split root-zone irrigation treatments. The maximum (44.57%) and minimum (38.27%) seed protein content in soybean seed were noted in the droughtresistant genotype (ND12) and drought susceptible genotype (C103), respectively. Furthermore, decrease in water content significantly increased the seed protein content of soybean seeds. The highest protein content (44.42%) in seeds was measured under treatment T6, while the lowest protein content (39.69%) was determined in treatment T1. The interactive effect of different split root-zone irrigation treatments and soybean genotypes for seed protein contents was found to be significant ( Figure 6A ). 
The determination of seed protein content in soybean seeds is the important component to obtain a higher market value of a soybean crop. In the present study, seed protein contents of soybean genotypes significantly changed with different split root-zone irrigation treatments. The maximum (44.57%) and minimum (38.27%) seed protein content in soybean seed were noted in the drought-resistant genotype (ND12) and drought susceptible genotype (C103), respectively. Furthermore, decrease in water content significantly increased the seed protein content of soybean seeds. The highest protein content (44.42%) in seeds was measured under treatment T6, while the lowest protein content (39.69%) was determined in treatment T1. The interactive effect of different split root-zone irrigation treatments and soybean genotypes for seed protein contents was found to be significant ( Figure 6A ). 
Effect of Different Split-Root Water Imbalance Treatments on Isoflavone of Soybean Genotypes
Variations in isoflavone concentration of the different soybean varieties in response to different drought treatments are shown in Figure 6 . In this experiment, soybean genotypes and split-root drought treatments showed the significant differences (p < 0.05) for isoflavone concentrations in seed. In this experiment, results exhibited that water imbalance with moderate reduction in water availability from T1 to T3 did not reduce the total isoflavone concentrations significantly in soybean seeds. The highest concentrations of malonyl glycoside (3.91 mg·g −1 ) and acetyle glycoside (0.00829 
Variations in isoflavone concentration of the different soybean varieties in response to different drought treatments are shown in Figure 6 . In this experiment, soybean genotypes and split-root drought treatments showed the significant differences (p < 0.05) for isoflavone concentrations in seed. In this experiment, results exhibited that water imbalance with moderate reduction in water availability from T1 to T3 did not reduce the total isoflavone concentrations significantly in soybean seeds. The highest concentrations of malonyl glycoside (3.91 mg·g −1 ) and acetyle glycoside (0.00829 mg·g −1 ) were measured in treatment T1 which were statically at par with T2 and T3 treatments. Similarly, the highest concentrations of aglycone (0.026 mg·g −1 ) and β-glucoside (0.99 mg·g −1 ) were measured in treatment T3 which were statically at par with the T2 and T1 treatments.
However, excessive water shortage conditions significantly reduced the isoflavone concentrations in seed, and the lowest concentrations of aglycone (0.013 mg·g −1 ), β-glucoside (0.70 mg·g −1 ), malonyl glycoside (2.54 mg·g −1 ), and acetyle glycoside (0.00528 mg·g −1 ) were determined under the T6 treatment. In soybean genotypes, the maximum and minimum (0.022 mg·g −1 ), (1.05 mg·g −1 ), (4.29 mg·g −1 ), and (0.00914 mg·g −1 ), and (0.019 mg·g −1 ), (0.75 mg·g −1 ), (2.72 mg·g −1 ), and (0.00571 mg·g −1 ) values of aglycone, β-glucoside, malonyl glycoside, and acetyle glycoside were observed in the drought-susceptible genotype (C103) and drought-resistant genotype (ND12), respectively. The interactive effect of drought levels and soybean genotypes for aglycone, β-glucoside, malonyl glycoside, and acetyle glycoside were found to be significant. Overall, relative to treatment T1, the aglycone, β-glucoside, malonyl glycoside, and acetyle glycoside were decreased by 77%, 39%, 54%, and 57% under the T6 treatment, indicating that quality indices of soybean seed are directly linked with adequate water availability and severe water stress conditions considerably reduced the isoflavone concentrations in the seed.
Effect of Different Split-Root Water Imbalance Treatments on Fatty Acids of Soybean Genotypes
We determined five important fatty acids including three unsaturated fatty acids [oleic acid (OA), linoleic acid (LA), and a-linolenic acid (ALA)] and two saturated fatty acids [palmitic acid (PA) and stearic acid (SA)] to evaluate the effects of different split root-zone irrigation treatments on soybean genotypes. In this experiment, all the split root-zone irrigation treatments significantly (p < 0.05) altered the fatty acids concentrations in the seed of soybean genotypes. The highest concentrations of PA (12.26 mg·g −1 ), SA (3.77 mg·g −1 ), LA (38.68 mg·g −1 ), OA (21.03 mg·g −1 ) and ALA (9.62 mg·g −1 ) were determined with drought resistant genotype ND12, whereas lowest concentrations of PA (6.32 mg·g −1 ), SA (2.84 mg·g −1 ), LA (27.83 mg·g −1 ), OA (14.18 mg·g −1 ) and ALA (7.50 mg·g −1 ) were observed in drought susceptible genotype C103.
Among split root-zone irrigation treatments, the highest (75.91 mg·g −1 ) total fatty acids were measured with treatment T1 which was statically at par with T2 and T3 treatments. The maximum concentrations of PA (10.33 mg·g −1 ), SA (4.34 mg·g −1 ) and ALA (9.68 mg·g −1 ), and LA (35.28 mg·g −1 ) were noticed under treatment T1 and T3, respectively, while minimum concentrations of PA (7.85 mg·g −1 ), SA (2.40 mg·g −1 ), ALA (6.50 mg·g −1 ) and LA (28.79 mg·g −1 ) were measured in T6. Importantly, the highest accumulation of OA (19.43 mg·g −1 ) was observed in treatments T6 (water stressed-conditions) and lowest accumulation of OA (16.64 mg·g −1 ) was recorded under T2 (optimum water conditions). The interactive effect of different split root-zone irrigation treatments and soybean genotypes for OA, LA, ALA, PA, and SA were found to be significant (Figure 7 ). 
Discussion
Effect of Split-Root Water Imbalance Treatments on Agro-Morphological Traits of Soybean
In this experiment, the results provide an initial controlled environment assessment of soybean plant response to split-root water imbalance treatments. As a major field crop, the agro-morphological traits of soybean are significantly affected by drought stress, mainly when it occurs during the reproductive stage [20] . The yield loss is generally associated with an increased rate of flower and pod abortion [21] . In this study, our results regarding the agro-morphological traits of soybean confirm previous studies [22] in that most of the traits were affected by water deficit. However, it is reported that genotypes and duration of stress also determined the severity of the effects of a water deficit [23, 24] . Growth traits such as plant height, stem diameter, number of nodes per plant and number of branches per plant did not show significant results. A possible reason could be the duration of the split-root water imbalance treatments. These results were similar to earlier findings that drought applications at the flowering stage could not affect plant height [25] .
Split-root water imbalances during reproductive stage had a significant effect on the pod length. Pod length was reduced 15% in the drought-resistant genotype (ND12) and 16% in the drought-susceptible genotype (C103) under treatment T6. These results are consistent with a previous study obtained by [26] . In addition, yield and yield-related characteristics also showed significant results in this study. Yield per plant was assessed in terms of the total seeds produced on one plant at maturity stage. Results of this study showed that the yield per plant was found to be similar in ND12 under the T1 and T2 treatments. This observation is mainly important in attaining higher water productivity in crop production. In fact, the amount of water that was used in treatment T2 was 34% less than the treatment T1. This agrees with Sarai Tabrizi et al., (2012) who optimized the soybean crop production in a semi-arid region using partial root-drying techniques [27] .
In addition, yield per plant was reduced 74% in the drought-resistant genotype (ND12) and 126% in the drought-susceptible genotype (C103) under treatment T6. These results are consistent with those of [21, 28] . The reduction in yield per plant is mainly due to a decreased number of infertile pods, number of grains, 100 seed weight and number of pods per plant in this study. The result of an early experiment conducted by Heatherly, (1993) also showed that the thousand seed weight is positively associated with seed yield [29] . Split-root water imbalance treatments significantly decreased the number of infertile pods, number of grains and number of pods per plant. The decrease in yield and yield related characteristics in soybean varieties due to water shortage has also been documented by other researchers [30, 31] .
Effect of Split-Root Drought on Soybean Biomass Accumulation and Distribution
The amount of plant biomass has a direct relationship with the amount of radiation intercepted by the plant canopy and partitioning of the photosynthetic product [32] . It is directly linked with the duration of the crop growth. This study demonstrated that split-root drought stress occurring at R4 stage resulted in biomass decrease in soybean. A possible reason could be accelerated leaf senescence that is responsible for reduced radiation interception. The total biomass of treatment T6 was reduced 66% for C-103 and 47% for ND-12 compared with treatment T1. Our results obtained here, are consistent with Jamieson et al. (1995) and Grinnan et al. (2013) who studied the reduction in biomass production under drought caused by a decreased amount of radiation intercepted [33, 34] . Other studies also confirm the decrease in biomass under partial root-drying irrigation [35] .
Drought exerts strong impacts on biomass allocation. Earlier studies suggested that drought stress generally decreased the leaf mass fraction and stem mass fraction [36] . Biomass accumulation and partitioning is different among different plant organs. Usually it takes place towards the developing seeds which is a key physiological factor in drought adaptation. In this study, the maximum allocation of biomass was observed in seeds followed by stems, leaves, and pods at the maturity stage of soybean. It shows that both genotypes had better ability to mobilize photosynthates to seeds. Our results are similar with a previous study where partial root drying significantly increased biomass allocation to roots and tubers while decreasing it into leaves and stems [37] .
Effect of Split-Root Water Imbalance Treatments on Soybean Osmoprotectant
Starch and sucrose are considered principal end products of photosynthesis in soybean leaves. Starch is known to be major storage form of carbohydrate [38] . Soybean leaves usually contain a lower amount of sucrose concentration because an inherently high activity of acid invertase present in the vacuole rapidly hydrolyze the sucrose [39] . Drought-stressed plants have been shown to accumulate less starch, sucrose and soluble polysaccharide in leaves that contribute to the host plant tolerance under drought conditions [40] . In this study, as the water availability decreased, water imbalance induced by split-root drought treatments significantly reduced the concentration of starch, sucrose and soluble polysaccharide in the leaves of both soybean genotypes at the R5 stage. These results are in context with earlier published studies in soybean [40] and other plants [41] . This reduction might be attributed to low photosynthetic rates or high rates of starch, sucrose and soluble polysaccharide degradations [42] .
In addition, the drought-resistant genotype ND12 was less strained till treatment T3 whereas, significant difference appeared early in drought susceptible genotype C103. Non-significant accumulation of starch, sucrose and soluble polysaccharide indicates that the ND12 successfully avoided the imbalanced water deficit. Our results are similar to those previously reported where drought-resistance genotypes showed high resistance against water deficit conditions [43] . Furthermore, and more importantly, treatment T3 and T4 (with same amounts of water) showed that ND12 decreased the starch, sucrose and soluble polysaccharide contents (the same results for metabolism) in T4. This shows that split-root soybean exposed to 100% and 0% field capacity (T3) fulfilled the need by absorbing soil moisture from water applied side. This fits the predictions of risk sensitivity theory as reported in an early study [44] . In addition, the split-root approach is a useful tool for the discrimination of local and systemic regulation mechanisms in plants [45] . In our study, this regulation seems local, but the mechanism at play is still not clear. Our results are in context with the previous report where regulation is mostly local under drought and heavy metal stress [45] .
Accumulation of free proline was observed by decreasing moisture contents in split-root water imbalance treatments. Results regarding free proline are in line with previous reports, where high concentration of free proline played its role to adjust intercellular osmotic potential [43] . Reduction in protein biosynthesis could be a possible reason for increased free proline in plants [46] . In fact, the free proline also accumulated less in C103 (drought susceptible) than ND12 (drought resistant). Results support the above hypothesis that the more accumulation of free proline in C103 than ND12 showed the strong osmotic mechanism to maintain a favorable potential gradient for water retention [47] .
Soybean Metabolism and Split-Root Water Imbalance Treatments
Soybean is a highly consumable oilseed and protein crop which contains high contents of phytochemicals. Phytochemicals are considered beneficial to human health, and have a variety of physiological activities [6] . Earlier studies suggested that these phytochemicals are highly affected by drought stress. The increase in total protein and decrease in seed isoflavones and fatty acids has been reported in soybean cultivars growing in non-irrigated versus irrigated fields [7, 10, 48] . However, the split-root approach has been shown to increase plant tolerance to water deficit but the exact mechanisms involved are still a matter of debate. Our experiment explored the effect of imbalance water deficit induced by split-root on the chemical constitutes such as protein, fatty acids and isoflavones. Total protein showed significant differences between soybean genotypes and with the increase in drought level, the rate of protein accumulation also increased. Similarly, in an earlier study, plants have been shown to accumulate protein under drought stress [49] . This could be a response of soybeans to drought conditions by changing the source-sink relationship [50] . This result is in agreement with earlier reports, where drought and genotypes showed significant difference in protein [6, 49] .
Isoflavone is a group of antioxidant compositions in soybean which participates in a series of important physiological processes. Isoflavone biosynthesis and accumulation depends on multiple factors such as genotypes, growth conditions and irrigation levels [48, 51] . In the present study, isoflavone concentrations showed differences in both soybean genotypes. Relatively higher concentrations were detected in C103, which showed the susceptibility of isoflavone metabolism to imbalance water deficit. Susceptible plants have been shown to accumulate high isoflavones. This result is in line with earlier studies in soybean [52] . In addition, the groups of isoflavone and total isoflavone contents showed significant reduction with an increased water deficit level in C103.
Interestingly, imbalanced water deficit with well soil moisture induced slight increase in the aglycone, β-Glucoside, malonyl glycosides and acetyl glycosides production. However, split-root imbalanced water deficit with less soil moisture decreased the isoflavone contents in ND12. Possible reasons could be an initiation of water stress signals and greater resistance potential of this genotype. The result is similar to previous reports, where small changes in soil moisture did not affect the isoflavones concentration but severe water deficit decreased the isoflavones concentration in soybean [53] . Furthermore, the isoflavones are considered undesirable components of soy-based food products because they are the primary cause of astringent aftertastes [54] ; however, the soybean glucosides (glycosides, malonyl glucosides and acetyl glycosides) contribute less astringent aftertastes than aglycones [55] . In this study, the contents of glucosides were significantly higher with imbalanced water deficits having well soil moisture that produce less undesirable aftertastes. However, the clear mechanisms underlying the effects of imbalanced water deficit on isoflavone accumulation are not well understood and need further investigation.
Water deficit alters soy fatty acid composition which affects oil stability and composition, especially during seed developmental stages (R5-R6) [10] . In the present study, imbalanced water deficit altered the fatty acids composition in both soybean genotypes. The concentrations of total fatty acids and unsaturated fatty acids in ND12 were significantly higher than those observed in C103 that reflect genetic differences. The difference in fatty acids concentrations may be due to the limited availability of sugars in the soybean plants and translocation from leaves to seeds. Another possible reason could be a split-root imbalance water deficit altering the rate of fatty acids' accumulation by affecting the desaturase fatty acids enzymes [10] . This result is in line with earlier studies, where drought significantly altered the fatty acids composition in soybean [56, 57] .
It is widely accepted that UFAs, particularly OA-rich foods, have many beneficial health effects on humans [58] . Earlier studies found that ALA and other UFAs in soybeans are important compounds that prevent cardiovascular disease and cancer in humans [59] . In addition, by selecting the appropriate and area-specific genotype we can improve crop yield and quality under rainfed conditions [60] . Based on the results of this study, imbalanced water deficit with moderate soil moisture induced a slight increase in the total fatty acids and UFA concentrations in ND12 (drought resistant). Water stress signal produced in soybean roots may induced these changes; however, the clear mechanisms are not well understood and need further investigation.
Conclusions
In this study, water imbalance induced by split-root treatments exhibited a negative effect on growth, biomass accumulation, yield and yield components of soybean plants. However, the water imbalance treatment T2 (saved 34% of water) did not affect the yield of the drought-resistant variety (ND12) as compared to the drought-susceptible variety (C 103). In addition, the decreases water content reduced the concentration of starch, sucrose and soluble polysaccharide in soybean leaves, while opposite trends were observed for free proline content. Meanwhile, our treatments from T1 to T3 significantly increased the protein, isoflavones (e.g., glucosides that produce fewer undesirable aftertastes) and fatty acid (especially unsaturated fatty acids) concentrations in soybean seeds. However, excessive water deficit conditions (in T4, T5, and T6) significantly reduced the isoflavone and fatty acid concentrations in seed. In conclusion, these results indicate that by selecting area-specific and appropriate genotypes we can produce optimum soybean seed yield with better quality under rain-fed and intercropping conditions. 
